Introduction
Low-temperature cracking in asphalt concrete pavements is a major cause of pavement deterioration. Cracks in asphalt concrete pavements are difficult to properly repair and they drastically affect the life span of pavements and their rideability, leading to millions of dollars worth of repair and maintenance annually. When left untreated, cracks deteriorate and widen over time, allowing moisture and oxygen to readily infiltrate the pavement system, which can lead to severe pavement damage. Oxidative ageing has long been recognised as an important contributing factor to cracking of asphalt pavements. As the asphalt concrete is subjected to environmental conditions, it continuously degrades due to oxidation at or near the surface. This leads to pavements with graded material properties, where the asphalt layers near the surface have warmer low-temperature cracking properties. To illustrate the effect of oxidative ageing, Figure 1 shows two pictures of the same pavement section: the one on the left was taken immediately after the construction and the one on the right was taken after nineteen months [1] . Comparing the two pavement conditions clearly reveals the difference in pavement surface, texture and colour, which are the result of ageing and climatic weathering. Aged pavements are stiffer, more brittle and relieve stresses at a much slower rate than unaged pavements. While aged pavements accumulate damage at a faster rate, their crack-healing ability is also lower when compared with unaged pavements. The amount of ageing with time varies significantly depending upon the chemical composition of the binder (for example crude source, refining techniques and additives), environmental factors and the characteristics of the mixture (for example asphalt content and air voids), as reported by Lau et al [2] , Petersen et al [3] , Thomas [4] and Baek et al [5] .
Preventive maintenance of pavements is one important aspect of pavement preservation that is usually overlooked. Preservation entails repairing distresses in pavements at a very early stage, ie as they begin to occur. Preventive maintenance can entail the application of surface treatments, such as the application of rejuvenators, or a more substantial rehabilitation, such as pavement milling and resurfacing. One of the great challenges is determining when a pavement has become vulnerable to low-temperature cracking. Currently, pavement engineers lack practical tools to determine the proper time for preventive maintenance. The ability to rapidly and accurately evaluate the level of oxidative ageing in asphalt concrete mixtures, and its effects on pavement performance, would greatly benefit pavement engineers in determining the critical time for preventive maintenance measures to extend pavement life.
The primary goal of this study is to assess the effects of laboratory-induced oxidative ageing upon both the frequencydependent ultrasonic dilatational and shear velocities and corresponding attenuations, and upon the low-temperature embrittlement properties, which are estimated using an acoustic emission approach. The obtained results are consistent with the disc-shaped compact tension (DC(T)) fracture test results reported by Braham et al [6, 7] .
Experimental procedures
Nine asphalt concrete specimens with the same mixture design were prepared following Superpave guidelines and using a gyratory compactor. A 19 mm nominal maximum aggregate size (NMAS) with a target asphalt content of 5.9% by weight of the total mixture was selected for this study. The PG 64-22 binder was utilised as the base binder. The aggregate blend consisted of aggregates from four different stockpiles: 65% of coarse aggregate (CM16), 23% of manufactured sand (FM20), 10.5% of manufactured sand (FM02) and 1.5% of mineral filler (MF).
Mixing of the asphalt concrete mixtures was conducted at 155ºC using a standard bucket mixing procedure. Laboratoryageing of the uncompacted loose asphalt concrete mixtures was performed by placing the loose mixtures in an oven at 135ºC for 0, 12, 24, 28, 32, 36, 48, 60 and 72 h. To ensure uniform ageing throughout the sample, the mixtures were hand-stirred every 12 h. Once aged, the mixtures were compacted at 135ºC using a servo-controlled gyratory compactor (IPC Servopac) to construct cylindrical specimens 150 mm long and 150 mm in diameter. Each of the compacted gyratory specimens were then cut to obtain two 40 × 70 × 135 mm 3 rectangular specimens, which were used for ultrasonic velocity and attenuation measurements, and four halfmoon 60 mm-thick samples, which were used to evaluate the acoustic emission response during thermal cooling. Figure 2 shows the geometry and dimensions of the extracted test samples from each of the cylindrical compacted gyratory specimens. To avoid the end-effects induced during compaction and to obtain a smooth surface for sensor placement, a 5 mm layer was trimmed from each end of the cylindrical gyratory compacted specimens. The entire set of aged specimens, ie from virgin specimens to specimens aged up to 72 h, was tested using acoustic emission. However, ultrasonic velocity and attenuation measurements were only performed on specimens aged up to (and including) 36 h. The rough, cratered surfaces of specimens aged past 36 h caused coupling difficulties with the sensors, preventing ultrasonic testing.
Acoustic emission response to thermal cooling
Over the past few decades, acoustic emission (AE) has been utilised extensively to evaluate the fitness-for-service of structures and to characterise microscopic damage in materials [8] . The acoustic emission phenomenon refers to the generation of transient elastic mechanical waves caused by local transient instabilities in the media. When a material is stressed (mechanically or thermally) to a point when inelastic deformation occurs, strain energy is suddenly released in the form of transient elastic mechanical waves. The inelastic deformation is due to local dynamic movements or momentary instabilities (for example microcracks develop). Emitted AE elastic waves propagate outward from the source and can be detected using piezoelectric sensors mounted on the surface of the test sample. Figure 3 schematically illustrates crack generation/propagation along with the corresponding AE wave generation, propagation and detection for a material test sample under increasing loading conditions. Acoustic emission has already been successfully used to estimate the embrittlement temperatures of virgin and aged asphalt binders, as reported by Apeagyei et al [9] , Dave et al [10] and Behnia et al [11] , where a review of acoustic emission to characterise asphalt concrete mixtures is provided. Here, the acoustic emission approach is used to estimate the lowtemperature embrittlement properties of asphalt concrete mixtures and their dependence upon ageing.
Each of the AE test samples was positioned inside a cooling chamber (Shuttle portable ULT-25 freezer), see Figure 4 (a), and its acoustic emission activity was monitored while the sample was cooled from ambient temperature to -50°C. Figure 4 (b) shows the typical temperature versus cooling time. As the temperature decreases, the difference in the thermal expansion coefficients between the asphalt mastic and aggregates in the mixture produces progressively higher thermal tensile stresses within the mastic. These thermal tensile stresses eventually result in thermal microcrack formation, which becomes the source of the acoustic emission events, ie acoustic emissions, in the form of transient elastic stress waves that are detected by the AE sensors. Wideband AE sensors (Digital Wave, Model B1025) with a nominal frequency range of 50 kHz to 1.5 MHz were coupled to the specimen surface via high-vacuum grease. The signals from the AE sensors were preamplified by 20 dB using broadband pre-amplifiers. The fracture wave detector (FWD) signal conditioning unit was used to further amplify the signal by 21 dB (for a total amplification of 41 dB) and to filter the signal using a 20 kHz high-pass double-pole filter. A 16-bit analogue-to-digital converter (ICS 645B-8) with a sampling frequency of 2 MHz was employed to digitise the AE signals. The digital data was then stored for later processing. The test temperature was monitored and recorded using a K-type thermocouple, which was positioned on the specimen top surface. Figure 5 (a) shows a typical time domain waveform associated with an AE event, while Figure 5 (b) shows the corresponding power spectral density. Here, an AE event is defined as an individual waveform having a threshold voltage of 0.1 V and energy equal to or greater than 4 V 2 -μs. The event energy is defined by Equation (1), where E AE is the energy of an event with duration time t (μs) and a recorded voltage of V(t):
A typical plot of AE event counts versus temperature for the asphalt concrete samples is shown in Figure 6 . There are three distinct regions in the plot: (1) pre-cracking; (2) transition; and (3) stable cracking regions. Using the current filtering, no AE activity is detected in the pre-cracking region. This period occurs prior to the onset of material fracture, during which thermal stresses build up inside the specimen due to differential thermal contraction between the asphalt mastic and aggregates. The 'transition region' begins when thermal microcracking reveals itself via relatively high-energy AE events, which occur immediately after the precracking period starts. Progressively higher thermal stresses in the specimen eventually cause thermal microcracks to develop in the asphalt mastic, as well as at the interface between asphalt mastic and aggregates. Microcracks result primarily from a combination of asphalt mastic brittleness (at lower temperatures) and from the action of thermally-induced tensile stresses within the material, perhaps enhanced by the stress concentrations at the interface between the mastic and the aggregates.
The formation of microcracks manifests itself as a cluster of high-amplitude AE elastic waves during the test. The temperature corresponding to the first AE event with an energy level above 4 V 2 -μs has been termed the 'embrittlement temperature', as illustrated in Figure 6 . It is hypothesised that the embrittlement temperature, T EMB , represents a fundamental material state that is independent of material constraints, sample size (as long as a statistically representative volume or larger is used), as well as sample shape. The 'transition region' can be considered as the region where material behaviour gradually changes from quasibrittle to brittle state and where resistance to fracture is generally very low, allowing cracks to propagate readily. In Figure 6 , the slope of the AE event counts versus temperature plot increases until the stable crack region starts, when the slope becomes steep and relatively constant. The 'stable cracking region' usually starts at a very low temperature when the material is brittle and generates a significant amount of AE activity. Figure 6 also shows the temperature corresponding to the event of maximum energy, ie T MAX . The variability of T MAX is much higher than the variability of the embrittlement temperature T EMB , and it appears to depend upon the microstructure of the mixture. Considering asphalt concrete as a material made of mortar and bricks of different geometry, ie mastic and aggregates, respectively, there exist pockets of mastic of various geometries and size within the material test sample [12] . The T EMB is detected when microcracks are formed, probably at the interface between the mastic and the aggregates, perhaps induced by stress concentrations at the interfaces. Because of the indeterminate nature of the material microstructure, the formation of these microcracks, while releasing some strain energy locally, does not prevent those pockets of mastic from continuing to accumulate thermally-induced tensile strain energy. This strain energy continues to increase as the temperature is reduced until it reaches T MAX . At T MAX the thermal stresses in the mastic equal the mastic fracture strength, which leads to the release of an AE event with relative high energy.
Ultrasonic velocity and attenuation measurements
Pairs of dilatational and shear transducers (Panametrics, models V101 and V151, respectively), with a centre frequency of 500 kHz and a beam diameter of 25.4 mm, were used for the dilatational and shear velocity measurements. In each case, the sending transducer was coupled to a rectangular-shaped delay line and the receiving transducer was coupled to the opposite side of the asphalt concrete specimen. A function generator (Krohn-Hite, model 5920) was used to generate a five-cycle sinewave toneburst, which swept between 10 kHz and 500 kHz in 5 kHz increments. The generated signal was amplified by a gated amplifier (Ritec, GA-2500A) and used as the input for the sending transducer. The data was sampled at 17 MHz and averaged 25 times to mitigate noise and effects from scatter. Figure 7 shows a schematic diagram of the experimental set-up.
Several methods to estimate velocity exist, including the threshold-crossing method [13] , the cross-correlation method [14] and the overlap method [15] , which require that the signal retain its shape as it propagates through the medium. However, in the case of asphalt concrete, the waveform does not retain its shape during propagation. As a result, the phase comparison method, credited to Sachse and Pao [16] , was chosen because it is relatively insensitive to waveform distortion; however, this method can break down when there is a low signal-to-noise ratio and/or when multiple wave paths arrive at the same time.
Wave propagation through asphalt concrete
As the wave propagates through asphalt concrete, it becomes scattered and distorted. As the wave propagation distance increases, the effects of scatter (hence, the wave shape distortion) also increase. It was observed that across the height of the specimen (≈ 70 mm), the waveform becomes distorted and harder to analyse at higher frequencies. Across the width of the specimen (≈ 40 mm), the wavelength corresponding to lower frequencies is longer than the specimen dimensions, which can lead to erroneous calculations due to phase interference effects. However, when the wavelength is shorter than the specimen dimension and longer than the nominal maximum aggregate size (NMAS), the signal propagates through the medium with relatively small distortion. Here, this range is termed the 'valid range', as shown in Figure 8 .
The stochastic nature [17] of asphalt concrete with the two discrete phases, ie mastic and aggregates, where each phase has different acoustic properties, leads to energy scattering and mode conversion. This effect increases with the increase in frequency. The presence of multiple discrete scatterers makes it possible to have multiple mode conversions and multiple paths to the (primary and scattered) wave fields from the source to the observation point. As a result, at some distance from the source, the ultrasonic energy will be travelling in both dilatational and shear modes, regardless of the initial mode at the source. Because dilatational waves travel faster than shear waves, the dilatational energy always arrives first at the observation point. However, assuming a polarised shear wave at the source, it is possible that a fraction of its energy could travel some distance in the faster dilatational wave mode (due to mode conversion), and a smaller fraction of this dilatational energy could arrive at the observation point in the polarised shear wave mode (also due to mode conversion). Because interactions between the propagating wave and aggregates increase with frequency, the distance that the received shear energy may have travelled in the faster dilatational wave mode may also increase with frequency. This leads to an apparent increase in the measured shear velocity with an increase in frequency.
As a result, to obtain the dilatational velocities, the dilatational portion of the received signal was isolated by partitioning in time (ie windowing) the beginning of the signal, because the dilatational wave mode is the fastest (hence first) arriving wave. However, during the estimation of the shear wave velocity, partitioning of the receiving signal was not performed because it does not isolate the shear portion of the signal. To mitigate this difficulty, the following was carried out: (1) a five-cycle pulse train was used; (2) the smaller dimensions in the specimen were used during the measurements; (3) multiple independent measurements (ten for each of the two similar specimens for a total of twenty measurements) and waveform averaging were performed; and (4) advantage was taken from the polarisation of the shear transducers to filter out, as much as possible, the wave energy arriving in undesirable modes.
Delay line
To overcome the difficulties that arise from the wavelength at lower frequencies being longer than the specimen dimension, a delay line was used. The delay line assures that the transmitted waveform will be fully formed before it propagates through the specimen. A block (72 × 57 × 116 mm 3 ) made of ultra-high molecular weight polyethylene (UHMWPE) was chosen as the delay line because its acoustic impedance is close to the acoustic impedance of the virgin asphalt concrete samples. The dimensions of the delay line were chosen to avoid waveguide effects.
Velocity
The angle of the fast Fourier transform (FFT) was computed from the signals to find the phase. The phase was then unwrapped to account for jumps equal to or greater than 180º. Following Sachse and Pao [16] , the phase velocity was then obtained from the following equation: where φ A denotes the phase for the signal passing through the delay line/asphalt set-up, φ U denotes the phase of the signal obtained from using just the UHMWPE delay line, d A is the distance travelled through the asphalt specimen and f is the frequency. Only the linear portions of the phase spectrum are used to calculate velocity.
Attenuation
The transmitted waves propagate first through the delay line and then through the smallest dimension of the specimen, see Figure  7 . The attenuation coefficient can be calculated by comparing the fast Fourier transform (FFT) of the signal passing through the delay line/specimen set-up to a reference signal (for example using only the delay line). At both the delay line/specimen and transducer/ specimen interfaces, signal loss also occurs due to an impedance mismatch and imperfect couplant conditions. Neglecting this loss leads to an overestimation of the attenuation values. This loss can be accounted for by measuring the attenuation in the 'valid range' (see Figure 8 ) via the conventional through-transmission technique (ie using no delay line) and then translating the attenuation measured using the delay line set-up by the appropriate correction value. Figure 9 shows the four required set-ups and the corresponding amplitudes of the received signals that are required to account for the losses at the interfaces. First, the signal is recorded through the width dimension of the specimen coupled to the delay line, see Figure 9 (a). A signal is then recorded through only the delay line, as shown in Figure 9 The true attenuation (denoted as α*), see Equation (4), is then calculated using signals obtained from the set-up without the delay line over the valid region, see Figure 8 . Due to the manner in which α* is estimated, it is independent of the loss at the transducer/ asphalt concrete boundaries (assuming consistent couplant conditions). In Equation (4), A A,H and A A,W denote the amplitudes of the waveforms received across the height and the width of the test sample, respectively (without the delay line), see Figure 9 :
...(4)
To find the amount that α uncorrected needs to be translated (ie corrected), a frequency f* should be chosen at which to evaluate α*. This frequency f* should be chosen from the 'valid range' (see Figure 8) , such that the wavelength is shorter than the specimen dimension and longer than the nominal maximum aggregate size (40 mm > λ > NMAS = 19.0 mm). This allows the difference between α uncorrected and α* at the frequency f * to be calculated, which is termed as α translate . Figure 10 (a) provides a graphical representation of this procedure:
As the last step, α uncorrected is translated down by α translate , ie the uncorrected attenuation values are translated down such that the resulting attenuation is lower in magnitude by the value α translate . Figure 10 (b) provides a graphical representation of this procedure.
Equation (6) describes the culmination of the procedures outlined above. An example of the attenuation described by Equation (6) 
Results and discussion
Acoustic emission testing was carried out for all asphalt concrete test samples at different ageing levels ranging from 0 to 72 h of oven-ageing. Velocities and the corresponding attenuations were only measured for specimens aged up to 36 h of oven-ageing.
Acoustic emission response to thermal cooling
The temperatures corresponding to the first major event (ie embrittlement temperature), as well as the total number of AE event counts, are presented in Table 1 . The embrittlement temperatures of the asphalt mixtures versus ageing time are shown in Figure 11 (a). The results reveal that embrittlement temperature increases with ageing time: the higher the ageing time, the warmer the embrittlement temperatures, ie the longer the ageing time, the warmer the temperatures at which the thermally-induced microcracks in the asphalt concrete samples start to develop. This can be linked to the age-hardening effects that occur during oven-ageing, which makes asphalt mixtures more brittle and therefore less crack resistant. The rate-of-change of the embrittlement temperatures with respect to ageing time is shown in Figure 11 (b). It is observed that initially the average rate of change of T EMB versus ageing time gradually increases from 0 to approximately 24 h, followed by a significant increase from 24 to 36 h. After approximately 36 h of ageing time, the average rate of change of T EMB versus ageing time drops drastically. At this ageing level, it appears that oxidative ageing reactions (ketone, carboxylic acid, quinolone formation, etc) have run their course and that the binder has reached a predominantly glassy state. This leads to a plateau in the T EMB versus ageing time plot for longer ageing times, which indicates that ageing beyond 36 h does not have a significant effect on the cracking resistance of asphalt mixtures. In other words, 36 h of oven-ageing appears to be a threshold up to which the majority of ageing occurs. Furthermore, the significant amount of ageing that occurs after 24 h of oven-ageing time suggests that the oxidative ageing level equivalent to 24 h of oven-ageing may represent a critical point beyond which deterioration of the pavement rapidly accelerates. Figure 12 illustrates the total number of AE event counts versus laboratory ageing time. Results show that the number of AE event counts increases until 12 h of laboratory oven-ageing and then decreases for longer ageing periods; this decrease is particularly significant after 24 h of ageing. Explaining the observed phenomenon requires an understanding of the ageing effects on the internal structure of asphalt concrete mixtures. As a heterogeneous material, the internal structure of the asphalt concrete is influenced by the quality of asphalt mastic inter-particle bonds, as well as the quality of bonds between the aggregates and asphalt mastic. Figure 13 schematically depicts the thermally-induced stresses between the mastic and the aggregates, as well as the adhesive bonds between the particle fines in the mastic.
The behaviour of the oven-aged asphalt concrete mixture includes two important phenomena, which counteract each other. These two phenomena are the increase in binder stiffness and the decrease in adhesion of the asphalt binder with increasing ageing, ie the ageing of asphalt mixtures increases the stiffness of the asphalt binder while reducing its adhesive properties. Initially, at early stages of ageing, the positive effects of the increase in binder stiffness due to ageing overcome the negative effects of the loss in binder adhesion, which leads to an overall increase in stiffness of the entire composite mixture. As a result, short-term aged compacted samples appear to have a 'stronger' internal structure when compared to virgin asphalt concrete samples. However, for longer ageing times, the deteriorating effects resulting from the reduction in binder adhesion overcome the advantageous effects of increased binder stiffness. This loss in binder adhesion properties leads to weaker bonds between the mastic and the aggregates and to weaker bonds between the fines in the mastic, which lead to a weaker internal structure of the composite. This manifests itself as a significant reduction in the number of detectable AE events in the long-term aged asphalt concrete samples. Figure 12 shows that ageing initially improves the internal structural bonds in the asphalt concrete samples, as the 12 h aged samples exhibit higher AE activity than the virgin samples. When ageing time exceeds 24 h, a drastic drop in the AE event counts occurs, which indicates a weakening in the internal bond structure within the test samples. These observed AE test results are consistent with the fracture test results reported by Braham et al [6] using the disc-shaped compact tension (DC(T)) [7] . In their study, the uncompacted samples were aged for 4, 6, 8, 12, 24, 36 and 48 h at 135ºC. These uncompacted samples were then compacted and tested using the DC(T) test to evaluate the fracture cracking resistance of the mixtures. Figure 14 , which is reproduced after Braham et al [6] , shows the fracture energies of the asphalt concrete samples for different ageing levels. The DC(T) results are consistent with the trend observed using AE testing, ie the fracture energy of each asphalt mixture increases with increasing ageing until it reaches a peak, and then it decreases with increasing ageing. Figure 15 shows the velocity and attenuation measurements for each specimen as a function of frequency. Figure 16 also shows the ultrasonic dilatational and shear measurements, presented, however, as a function of both ageing time and frequency. Figure 17 shows the average of each ultrasonic parameter across frequency as a function of ageing.
Ultrasonic velocity and attenuation measurements
Referring to Figures 15(a) and 16(a), there is an increase in the dilatational velocity from 30 kHz to ≈100 kHz for all the specimens. After ≈100 kHz, the velocity starts to level out. For the specimens aged for 32 and 36 h, the velocity for frequencies above 250 kHz (ie point A in Figure 15 ) was difficult to calculate because of the low signal-to-noise ratio caused by increased attenuation. From 0 to 24 h, the velocity (across all frequencies) increases with increasing ageing; however, from 24 to 36 h, the velocity (across all frequencies) decreases with increasing ageing, see Figures 15(a) and 17. As the binder ages its stiffness increases, thus accounting for the increase in velocity. However, after 24 h of ageing, while the binder continues to increase its stiffness with ageing, the integrity of masticto-particle adhesion appears to deteriorate. This phenomenon leads to the formation of a diffuse micro-flaw population, which effectively decreases the overall (composite) elastic moduli for longer ageing times, ie after 24 h of ageing, which results in lower velocities. The shear velocities tend to increase with increasing 16(b) show the magnitude of the dilatational attenuation coefficients as a function of frequency for different specimens. It is observed that as the frequency increases, the attenuation also increases. For all the specimens, the slope of the attenuation changes around 175 kHz, after which the attenuation drastically increases. For the specimens aged 32 and 36 h, the attenuation above 250 kHz was difficult to calculate because of the low signal-to-noise ratio. The magnitude of the shear attenuation coefficients also increases with frequency, see Figure 15 (d) and 16(d) . Figure 17 shows the dilatational and shear attenuations as a function of ageing, where a decrease in the attenuation from 0 to 24 h and an increase from 24 to 36 h is observed.
Conclusions
The main objective of this study was to explore the effects of oxidative ageing on ultrasonic velocity and attenuation measurements in asphalt concrete mixtures, as well as on their embrittlement temperatures. Nine asphalt concrete specimens with the same mixture design were prepared at different ageing levels ranging from 0 to 72 h. The acoustic emission response to thermal cooling was used to investigate the age-related changes in asphalt concrete embrittlement temperatures for all specimens. Ultrasonic velocity and attenuation measurements were only performed on specimens aged up to 36 h due to sensor coupling difficulties.
It was observed that the dilatational velocity increases with frequency up to 100 kHz, after which it appears to plateau. Because of the stochastic nature of asphalt concrete, the shear velocity also increases with frequency for all specimens. It was also observed that at each frequency the dilatational and shear velocities follow the same trend with respect to the amount of oven-ageing: both the dilatational and shear velocities increase from 0 to 24 h and decrease from 24 to 36 h of oven-ageing. Dilatational and shear attenuation values increase with increasing frequency for all specimens. As a function of ageing, the attenuations decrease from 0 to 24 h and increase from 24 to 36 h of oven-ageing.
This study also shows that the AE-based embrittlement temperatures (T EMB ) of asphalt concrete mixtures progressively get warmer with increasing ageing time. This can be attributed to age-hardening effects, which makes asphalt mixtures more brittle and more prone to cracking. It was also observed that the average rate-of-change of the embrittlement temperature with respect to ageing time is not constant. There is a significant increase in T EMB when the ageing time exceeds 24 h. Based on the limited laboratory testing results, 24 h of laboratory ageing appears to be the critical point beyond which deterioration of the asphalt mixture rapidly accelerates. As a result, the field-ageing time equivalent to 24 h of intense laboratory oven-ageing appears to be a proper time to apply preventive pavement maintenance. It was also observed that, unlike the general idea that oven-ageing always weakens the internal structure of the mixture, this study has shown that oxidative ageing initially improves the internal structure of asphalt mixtures to a point beyond which the mixture structure begins to rapidly deteriorate. The same trend was observed in mechanical DC(T) fracture energy testing [6, 7] of aged asphalt mixtures.
